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A proximal pair of positive charges provides the dominant ligand-binding
contribution to complement-like domains from the LRP (low-density
lipoprotein receptor-related protein)
Peter G. W. GETTINS1 and Klavs DOLMER
Department of Biochemistry and Molecular Genetics, University of Illinois at Chicago, Chicago, IL, U.S.A.
The LRP (low-density lipoprotein receptor-related protein) can
bind a wide range of structurally diverse ligands to regions com-
posed of clusters of ∼40 residue Ca
2+-dependent, disulﬁde-rich,
CRs (complement-like repeats). Whereas lysine residues from
the ligands have been implicated in binding, there has been no
quantiﬁcation of the energetic contributions of such interactions
and hence of their relative importance in overall afﬁnity, or of
the ability of arginine or histidine residues to bind. We have used
fourrepresentativeCRdomainsfromtheprincipalligand-binding
cluster of LRP to determine the energetics of interaction with
well-deﬁned small ligands that include methyl esters of lysine,
arginine, histidine and aspartate, as well as N-terminally blocked
lysinemethylester.Wefoundthatnotonlylysinebutalsoarginine
and histidine bound well, and when present with an additional
proximal positive charge, accounted for about half of the total
binding energy of a protein ligand such as PAI-1 (plasminogen
activatorinhibitor-1).Twosuchsetsofinteractions,onetoeachof
twoCRdomainscouldthusaccountforalmostallofthenecessary
bindingenergyofarealligandsuchasPAI-1.FortheCRdomains,
a central aspartate residue in thesequenceDxDxD tightens the Kd
by ∼20-fold, whereas DxDDD is no more effective. Together
these ﬁndings establish the rules for determining the binding
speciﬁcity of protein ligands to LRP and to other LDLR (low-
density lipoprotein receptor) family members.
Key words: afﬁnity, complement-like repeat domain (CR
domain), ligand speciﬁcity, lysine binding, low-density
lipoprotein receptor, low-density lipoprotein receptor-related
protein (LRP), model compound, thermodynamics.
INTRODUCTION
The LRP (low-density lipoprotein receptor-related protein) is a
multidomain mosaic-like receptor present on many mammalian
cells [1]. It is one of the largest members of the LDLR (low-
density lipoprotein receptor) family of proteins, with a Mw of
∼600 kDa for the two-chain processed form. It is a constitutively
active cell surface receptor capable of binding and internalizing
a large range of structurally and functionally different types of
protein ligand, and has been shown to be essential for life
[1]. Ligands include members of the serpin family and their
proteinasecomplexes,proteinasecomplexesofthepan-proteinase
inhibitor α2M( α2-macroglobulin), LPL (lipoprotein lipase), β-
amyloidprecursorproteinandRAP(receptor-associatedprotein).
A common feature of all of these proteins and complexes is their
ability to bind to heparin, suggesting the presence of one or more
highlypositivelychargedregionswithineach.Thatthismightalso
be of importance regarding the ability to bind to LRP is suggested
by the identiﬁcation of critical lysine residues for binding of a
number of ligands to LRP or other LPL receptor family members
[2–5].
LigandbindingoccurstoregionsofLRPcomposedexclusively
of clusters of up to 11 CR (complement-like repeat) domains,
which are ﬂanked at each end by EGF (epidermal growth
factor)-like domains and one or more β-propellor, or YWTD,
domains. The CR domains are small, ∼40 residue, domains that
contain three disulﬁdes and a Ca
2+-binding site that is required
for structural integrity [6] and hence for ligand binding [7,8].
Consistentwiththeimplicationoflysineresiduesbeingimportant
for ligand binding, as well as with the requirement for Ca
2+,a n
X-ray structure of a fragment of two CR domains from LDLR
with one of the three domains of RAP showed direct engagement
of each ofthe two CR domains with lysine residues from the RAP
domain, with binding occurring to acidic residues that form part
of the Ca
2+-binding site or are immediately adjacent to it [9].
Whereas these ﬁndings directly implicate lysine engagement
as being involved in ligand binding by LRP and other LDLR
family members, they do not establish how great the energetic
contribution of such interactions is to the overall afﬁnity of a
complex. It is therefore unresolved whether these interactions
playadominantroleinbindingafﬁnityorareoflesserimportance,
with other contributions making up most of the binding energy,
and being variable from domain to domain. Also unresolved
are whether arginine or histidine residues can also interact as
effectively as lysine and whether all CR domains are equivalent
in their ability to bind lysine. This latter point is an important
consideration, since ligand binding to LRP has been reported
to occur preferentially to only two of the four clusters of CR
domains [10], and even to show some preference within a given
cluster for certain groupings of domains [4,11]. There is semi-
quantitative evidence to suggest that such a preference is related
to distinct patterns of acidic residues [12]. Of the three patterns,
the most common involves a DxDxD motif for the pentapeptide
that occurs between the fourth and ﬁfth cysteine residues of the
domain. A less common motif involves an additional aspartate
or glutamate residue as the fourth residue in the pentapeptide,
whereas another motif, which interestingly is more common in
the cluster of CR domains that binds the fewest ligands (cluster
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thiogalactoside; LDLR, low-density lipoprotein receptor; LPL, lipoprotein lipase; LRP, low-density lipoprotein receptor-related protein; PAI-1, plasminogen
activatorinhibitor-1;RAP,receptor-associatedprotein;RP-HPLC,reverse-phaseHPLC;TEV,tobaccoetchvirus;uPA,urokinase-typeplasminogenactivator;
VLDLR, very-low-density lipoprotein receptor.
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III), is DxxxD [10,13]. How tightly does each of these motifs
engage lysine residues?
With the goal of answering each of these three questions
and thereby of shedding light on the nature and basis of ligand
speciﬁcity to LDLR family members, we have employed a simple
model system to systematically examine the thermodynamics of
interaction of positively charged residues with representative CR
domainsfromLRP.UsingsingleCRdomainsthatcontaineachof
the three patterns of acidic residues described above, and simple
aminoacidligands,wehavedissectedthecontributionstobinding
afﬁnity from positive charges on the ligand and acidic residues of
theCRdomain.Ourﬁndingsestablishapreponderantcontribution
to ligand binding from engagement of a CR domain that contains
a DxDxD or DxDDD motif with a ligand that has a proximal pair
of positive charges, though these charges may be contributed by
lysine,arginineorevenprotonatedhistidinesidechains.Although
the aspartate residue at position 4 in the pentapeptide makes little
difference to afﬁnity, the loss of the middle aspartate residue
reducestheenergyofinteractionby∼7kJ/mol.Theseresultshave
major consequences for the afﬁnity of ligands and the speciﬁcity
of an LDLR family member.
EXPERIMENTAL
Expression, puriﬁcation and refolding of CR constructs
CR3, CR8 and CR8 D1085A were cloned into pGEX-2T and
expressed as GST (glutathione transferase)-fusion proteins in
Escherichia coli BL21 cells in 2YT medium [1.6% (w/v)
tryptone, 1% (w/v) yeast extract and 0.05% NaCl]. Cells
were grown to D600 =0.6–1.0 before induction with 1 mM IPTG
(isopropyl β-D-thiogalactoside), and the cells were harvested
after 5–6 h at 37◦C. The GST-fusion proteins were puriﬁed from
the cleared cell lysate by GSH–Sepharose chromatography, and
the GST tag was removed by thrombin cleavage [1:5000 dilution
at room temperature (21◦C) for 1 h] after overnight dialysis
against4 litres20 mMTris/HCl,pH 8.0,50 mMaNaCland4 mM
EDTA, containing 7 mM 2-ME (2-mercaptoethanol). GST and
uncleaved GST–CR fusion proteins were removed by passage
through the GSH column.
CR5 was cloned into pQE-30, modiﬁed to contain a TEV
(tobacco etch virus) cleavage site. The His6-tagged fusion protein
was expressed in E. coli SG13009 cells containing the plasmid
pRARE. Cells were grown to a D600 of 0.6–1.0 before induction
with1 mMIPTG,andthecellswereharvestedafter5–6 hat37◦C.
CR5 was puriﬁed from cell lysate by Ni
2+ chromatography, and
the His6-tag was removed by TEV cleavage (1:10000 dilution)
during overnight dialysis against PBS containing 14 mM 2-ME.
All CR domains were puriﬁed and concentrated by Q-
Sepharose HP chromatography, using a gradient of 0–1000 mM
NaCl in 20 mM Tris/HCl, pH 8.0, 6 M urea and 0.1% 2-ME.
The denatured domains were further puriﬁed by RP-HPLC
(reverse-phase HPLC) on a Discovery wide-pore C18 column
(21.2 mm×150 mm), using a linear gradient of 10–60% acetoni-
trile in 0.1% TFA (triﬂuoroacetic acid) over 60 min at 4 ml/min.
The reduced CR domains were diluted with 50 mM Tris/HCl,
pH 8.5,50 mMNaCland10 mMCaCl2,containing14 mM2-ME
and 8 mM 2-hydroxyethyl disulﬁde (refolding buffer). Final CR
concentration in the refolding mixture was 0.1 mg/ml. The
CR species were refolded by dialysis against refolding buffer
for 24 h at room temperature with N2 bubbling, followed by 24 h
at 4◦C without N2. Finally, the CR domains were dialysed against
4 litresof20 mMTris/HCl,pH 7.8,50 mMNaCland5 mMCaCl2
and 4 litres of 50 mM sodium acetate, pH 5.0, 50 mM NaCl
and 5 mM CaCl2,a t4 ◦C to remove the redox buffer. Folded
CR domains were puriﬁed by RP-HPLC on a Discovery wide-
pore C18 column as described above. Concentrations of the CR
stock solutions were determined spectrophotometrically, using
the molar absorption coefﬁcient (ε) based on the presence of
one tryptophan residue and three disulﬁdes in each domain and
an additional tyrosine in the linker for CR5. This gave values
of 5.86×10
3 M
−1 ·cm
−1 for CR3, CR8 and D1085A and of
6.01×10
3 M
−1 ·cm
−1 for CR5.
Fluorescence measurements
AllﬂuorescencemeasurementsweremadeonaPTIQuantamaster
spectroﬂuorimeter, equipped with double monochromators
on both the excitation and emission sides. λex was at 280 nm for
both complete emission spectra and measurements of emission
intensity at a single wavelength, used in most ligand titrations.
For single-wavelength measurements, the λem was chosen as
the wavelength of maximum change, on the basis of previously
recorded spectra in the presence of saturating ligand and in its
absence.Thiswasusually∼347 nm,butinsomecaseswasaslow
as 336 nm or as high as 371 nm, and depended on whether there
was a large change in quantum yield as well as a shift in emission
maximum. For emission spectra, slits of 1 nm for λex and 2 nm
for λem were used. For single-wavelength measurements, slits of
1n mf o rλex and 8–10 nm for λem were used.
Samples of 1.1 ml in 1-cm-pathlength cuvettes contained 1–
3 μM CR domain, depending on the ﬂuorescence intensity of the
domain. Experiments at pH 5.5 were in buffer containing 20 mM
Mes, 1 mM Ca
2+ and 0.1% PEG [poly(ethylene glycol)] 8000,
whereas those at pH 7.4 had 20 mM Tris/HCl instead of Mes.
Additional NaCl was present according to the desired ﬁnal ionic
strength. Titrations with ligand were made from stock solutions
of 0.05, 0.1, 1 or 2 M, depending on the anticipated afﬁnity. Stock
solutions were at the same pH as the protein solution.
Emission spectra were recorded from 310 to 450 nm in 2 nm
steps, with 6 s dwell time. Single-wavelength measurements at a
given ligand concentration were made over 120 s and averaged.
Data in each case were corrected for contributions from a buffer
blank. Correction to the ﬂuorescence intensity was also made for
any dilution of the protein resulting from addition of ligand. In
most cases, such dilution was less than 2%. Temperature was
maintained by a circulating water bath. All titrations were carried
out at 298 K, except for those needed for the van ’t Hoff plot.
Kd values were determined by non-linear least-squares ﬁtting
of the binding data to a simple single site-binding isotherm.
Fitting was carried out using Kaleidagraph (Synergy Software).
Except in a few instances where the ﬂuorescence change was
small (∼10%), all ﬁts were excellent, with very small errors (see
Tables 1–3). Between nine and thirteen different concentrations
were used for each titration, which usually extended to ∼5 times
theKd value,exceptfortheveryweakest-bindingligand,aspartate
methyl ester, where this was impossible to achieve. For titrations
of lysine and arginine, methyl esters at pH 7.4 and for histidine
methyl ester at pH 5.5, an adjustment to the concentration was
made to take into account the fraction of the ligand that had
protonated α-amino group (lysine and arginine methyl esters)
or protonated side chain (histidine methyl ester). pKa values of
7.2forlysineandargininemethylesters[14]and5.33forhistidine
methyl ester [15] were used.
RESULTS
Choice of CR domains
LRP contains 31 CR domains organized into four clusters.
Counting from the N-terminal end, these clusters are numbered I
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Table 1 Afﬁnity of Nα-acetyl-lysine methyl ester for different cluster II CR domains as a function of pH and ionic strength (I)
n.d., not determined.
CR3 (DxDxD) CR5 (DxDDD) CR8 (DxDxD) D1085A (DxxxD)
Kd (mM)  G ◦ (kJ/mol) Kd (mM)  G ◦ (kJ/mol) Kd (mM)  G ◦ (kJ/mol) Kd (mM)  G ◦ (kJ/mol)
I =0.02
pH5.5 2.9+ −0.12 −14.5 1.8+ −0.16 −15.7 3.1+ −0.44 −14.3 12.8+ −2.0 −10.8
pH7.4 1.9+ −0.09 −15.5 1.6+ −0.15 −15.9 1.8+ −0.19 −15.7 12.7+ −2.9 −10.8
I =0.17
pH5.5 2.9+ −0.28 −14.5 2.3+ −0.49 −15.0 2.6+ −0.28 −14.7 n.d. n.d.
pH7.4 2.4+ −0.12 −14.9 2.5+ −0.32 −14.8 3.1+ −0.25 −14.3 n.d. n.d.
through IV and contain 2, 8, 10 and 11 CR domains respectively
[16]. Nearly all ligand binding has been reported to occur to
clustersIIandIV,witheachclusterabletobindasimilarrepertoire
of ligands [10]. We therefore focused the present study on CR
domains from cluster II, as they are likely to be representative
of ligand-binding domains. We further restricted our study to
domains that correspond to the different patterns of aspartate
residues present between the fourth and ﬁfth cysteine residues
of the CR domains from both clusters II and IV. Within cluster
II the motif DxDxD is present in CR3, CR4, CR6, CR7, CR8
and CR9 domains. The motif DxDDD is present only in CR5,
whereas the motif DxxxD is present only in CR10 (Figure 1). The
signiﬁcanceofthispentapeptidesequence,andhenceitsrelevance
to the present study, is that the ﬁrst and last aspartate residues co-
ordinatetheessentialCa
2+ inallCRdomainstructuresdetermined
to date, whereas the backbone carbonyl of the central ‘x’ residue
co-ordinates the Ca
2+, thereby leaving the carboxy group in the
side chain free to potentially interact with ligand. A similar
preponderance of domains (eight out of eleven) with either the
middle ‘x’ alone, or both the middle and fourth residues being
aspartate (or glutamate) is found in cluster IV. In contrast, only 4
out of 10 domains from cluster III, which is reported not to bind
most ligands, contain three or four acidic residues, suggesting an
important relationship between three or more acidic residues in
this pentapeptide and the ability to bind either a single ligand or
a range of ligands. We therefore chose CR3, and for comparison
CR8,asrepresentativedomainswiththeDxDxDmotifandCR5as
representative of the DxDDD motif. Although CR10 would have
been the appropriate choice for the DxxxD motif, the absence of
a tryptophan residue from this domain, which we used as a non-
perturbing endogenous reporter for ligand binding in the other
domains, made this an unsuitable choice. Rather than making
a drastic change to CR10 by mutating the corresponding lysine
residue to tryptophan (see Figure 1), we created a variant of CR8
in which the central ‘x’ was mutated from aspartate to alanine.
Thus our choice of CR10 surrogate was a CR8 variant, D1085A.
Fluorescence approach to monitoring ligand binding
WehaveshownpreviouslythatbindingoftheproteinligandsPAI-
1 (plasminogen activator inhibitor-1) [17], α2M receptor binding
domain [18] and domains from the RAP [19] to double and
triple CR domain fragments of LRP results in a characteristic
blue shift of the tryptophan ﬂuorescence that is most likely to
be associated with the LRP component rather than the protein
ligand. Indeed, such a blue shift has also been seen for binding
of an ApoE (apolipoprotein E) fragment, which contains no
tryptophan residues, to CR17 of LRP [20]. This is understandable
given the known co-ordination of the CR domain tryptophan
carbonyl to the essential Ca
2+, and the proximity of the indole
Figure 1 Pattern of residues between the third and ﬁfth cysteine residues
of the eight CR domains from cluster II of LRP
The critical pentapeptide that provides two aspartate carboxy group and a backbone carbonyl
group to co-ordinate Ca2+ lies between the fourth and ﬁfth cysteine residues. The tryptophan
(bold) used as a ﬂuorescent reported and which also co-ordinates Ca2+ through its backbone
carbonyl lies two residues N-terminal to the fourth cysteine. The three aspartate residues
constituting the DxDxD motif are shown in bold against a grey background, whereas the
additional aspartate residue that is present in CR5 is bold and underlined. The remaining
Ca2+-co-ordinatingresiduesareaconservedaspartateresidueandadjacentglutamateresidue
that lie between the ﬁfth and sixth cysteine residues (not shown).
ring to lysine residues from the ligand in the known X-ray
structures of CR complexes with protein ligands. In addition,
such ﬂuorescence perturbations for binding of LRP fragments to
protein ligands correlated with gel shifts on native PAGE and
species that sedimented as well-deﬁned 1:1 complexes in the
analytical ultracentrifuge [19].
We found that binding of our simple amino acid ligands
to the four CR domains gave saturable perturbation of CR
ﬂuorescence, as expected from a speciﬁc binding interaction.
Binding almost always resulted in sufﬁcient perturbation of the
CRdomaintryptophanﬂuorescencetopermitaccuratemonitoring
of ligand binding. Depending primarily on whether one or two
positive charges were present in the ligand, the ﬂuorescence
perturbation consisted of a quench in addition to a blue shift.
This can clearly be seen for the binding of lysine methyl ester
to CR8, which gave a 66% quench at saturation and a blue shift
of approximately 7 nm (Figure 2). These perturbations varied
with ligand and domain, requiring appropriate adjustment of
the optimal wavelength for observing the maximum perturbation
caused by ligand association.
Is there speciﬁcity of binding to different domains?
To examine whether there is preferential binding of ligand to the
four different CR domains, we examined binding of the simplest
ligand, N
α-acetyl-lysine methyl ester, to each domain. Since both
the α-amino and carboxy groups are blocked, this should closely
correspond to an accessible lysine side chain on a protein ligand.
For the three domains that contain a central aspartate residue
(CR3, CR5 and CR8) binding was very similar for a given CR
domain for a given set of conditions of ionic strength and pH
and showed relatively small change when compared at two ionic
strengths and at pH 5.5 and 7.4 (Table 1). The whole range of
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Figure 2 Fluorescence emission spectra of CR8 as a function of added
lysine methyl ester, at pH 7.4, I =0.17 and 294 K
The highest intensity spectrum is CR8 alone, whereas addition of ligand caused progressive
reduction in intensity and blue shift. The ﬁnal ligand concentration, corrected for the doubly
protonated form, was 3.9 mM. Inset is a non-linear least-squares ﬁt of these data, using the
integrated area of each spectrum, to a single binding isotherm, with a resulting Kd of 0.37mM
and maximum quench of 66%.
Kd values was from 1.6 to 3.1 mM (Table 1), corresponding
to  G◦ values of −15.9 to −14.3 kJ/mol. Only for the
CR10 surrogate (D1085A), which lacked the central aspartate,
was binding clearly weaker, with a Kd value 6–9-fold higher
(Table 1), corresponding to a loss of binding energy of 3.5–
5.1 kJ/mol. Of great interest, CR5, which contains a fourth
aspartate residue, bound N
α-acetyl-lysine methyl ester under
physiological conditions of pH and ionic strength with almost
the same afﬁnity as CR3 and CR8, each of which lacked this
additional aspartate residue.
Does a second proximal positive charge modify afﬁnity or
speciﬁcity?
Although the X-ray structure of RAP D3 with the two domain
CR construct LB3–LB4 from LDLR demonstrated the clear
engagement of a lysine side chain by carboxy groups surrounding
the Ca
2+-binding site, it also showed that a second positively
charged residue from the ligand was very close by and also
interacted with these aspartate residues (Lys
253 to LB4, and,
somewhatfurtheraway,Arg
285 toLB3)(Figure3).Byusinglysine
methyl ester, in which the α-amino group is no longer blocked,
we were able to examine the effect on binding of such a second
positive proximal positive charge. Binding was examined at both
pH 5.5 and 7.4, though a correction needed to be made to the Kd
values determined at pH 7.4 for the fraction of the α-amino group
in the protonated state, since the reported pKa of lysine methyl
ester is 7.2.
ForeachofthethreeCRdomainsthatcontainamiddleaspartate
residue,theafﬁnityfortheligandwasgreatlyenhanced,atbothpH
values,comparedwithN
α-acetyl-lysinemethylester,witha5–18-
foldreductioninKd atlowionicstrength(I =0.02),corresponding
to an increase in  G◦ of 4.3–7.2 kJ/mol (Table 2). Depending on
the pH and ionic strength, there was also discrimination between
Figure 3 Engagement of positive charges on RAP D3 by LB3–LB4 from
LDLR (from PDB code 2FCW [9])
Only the interacting aspartate residues from the two CR domains (LB4, left, and LB3, right)
and lysine and arginine residues from the RAP D3 ligand that engage them are shown. Each
CR domain has three aspartate residues in a DxDxD motif, all of which are separately engaged
in coordinating to lysine ε-amino groups or possibly the arginine guanidinium group. In this
structure, the ε-amino of Lys253 engages one aspartate carboxy group (Asp149), whereas the
ε-aminos of Lys256 and Lys270 interact with all three aspartate carboxy groups. The separations
betweencarboxyoxygensandlysinenitrogensareasfollows:Lys270–Asp108,2.82A ˚ (1A ˚ =0.1
nm);Lys270–Asp110,2 . 9 0A ˚;L y s 270–Asp112,2 . 7 9A ˚;L y s 256–Asp147,2 . 6 6A ˚;L y s 256–Asp149,2 . 8 3
A ˚;L y s 256–Asp151,2 . 9 3A ˚;L y s 253–Asp149,2 . 7 5A ˚. In addition, the guanidine of Arg285 is within
3.06 A ˚ of the carboxy group of Asp110. Side chain nitrogens are shown in blue (lysine) or cyan
(arginine), carboxy oxygens are in red and other atoms in grey. As a measure of the distance
betweenthebindingsitesonthetwoCRdomains,theseparationbetweentheε-aminoofLys256
(co-ordinated to domain LB4) and the ε-amino of Lys270 (co-ordinated to domain LB3) is 21 A ˚.
The indole side chain of Trp144 from domain LB4 (results not shown for clarity) stacks with the
methylene groups of the Lys256 side chain.
binding of lysine methyl ester to the three domains, with the
largest variation occurring at low pH and low ionic strength (∼3-
fold difference in Kd). However, this variation did not correlate
with the number of aspartate residues in the pentapeptide, since
CR5 with four and CR8 with three bound more tightly than CR3,
which has three. At physiological pH and ionic strength, binding
afﬁnities were very similar for all three domains. Even D1085A
showed enhanced binding for lysine methyl ester compared with
N
α-acetyl-lysine methyl ester, though the Kd value was decreased
less than 4-fold at pH 5.5 and I =0.02. This Kd of 3.7 mM
representsagreatlyweakenedinteractioncomparedwiththevalue
of 0.17 mM for the parent CR8 (Table 2).
Do other side chains bind?
Twootheraminoacidsidechainspossessboththepositivecharge
and hydrophobic moiety of lysine and so might be expected to
bind to CR domains with good afﬁnity. These are histidine at pHs
where it is protonated and arginine. Arginine methyl ester bound
to all four domains with mostly slightly weaker afﬁnities than did
lysine methyl ester, though by not more than 1.8 kJ/mol (Table 2).
Although histidine methyl ester also bound, measurements were
possible under fewer conditions, since the low side chain pKa of
5.33 meant that, even at pH 5.5, only ∼40% of the imidazole
is protonated, whereas at pH 7.4 it is largely unprotonated. At
pH 5.5 and low ionic strength, and making correction for the
concentration of protonated side chain, histidine methyl ester
bound only 1.1–2.6-fold weaker than did lysine methyl ester to
anyofthefourdomains,correspondingto  G◦sof0.6–2kJ/mol
(Table 3).
As controls, binding of the methyl esters of alanine and
aspartate residues was also examined under selected conditions.
Foralanine,theeliminationofthepositivechargeandmuchofthe
hydrophobicportionofthesidechainresultedinweakeningofthe
Kd value 23- and 28-fold for CR5 and CR8 respectively (  G◦
of7.8–8.3kJ/mol)(Table3).ItwasnotpossibletomeasuretheKd
valueforCR3sincetheﬂuorescenceperturbationwastoosmallto
permit reliable monitoring of binding. For aspartate the afﬁnities
were, not surprisingly, even weaker, with Kdvalues that were
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Table 2 Afﬁnity of lysine and arginine methyl esters to CR domains with different patterns of acidic residues
Lysine methyl ester Arginine methyl ester
Kd (mM)  G ◦ (kJ/mol)  Gu (kJ/mol) Kd (mM)  G ◦ (kJ/mol)  Gu (kJ/mol)
CR3 (DxDxD)
I =0.02
pH5.5 0.53+ −0.05 −18.7 −28.6 0.68+ −0.07 −18.1 −28.0
pH7.4 0.22+ −0.03 −20.8 −30.7 0.76+ −0.06 −17.8 −27.7
I =0.17
pH5.5 1.19+ −0.11 −16.7 −26.6 2.09+ −0.16 −15.3 −25.2
pH7.4 0.37+ −0.04 −19.6 −29.5 0.78+ −0.04 −17.7 −27.6
CR5 (DxDDD)
I =0.02
pH5.5 0.18+ −0.01 −21.4 −31.2 0.29+ −0.01 −20.2 −30.1
pH7.4 0.28+ −0.01 −20.3 −30.2 0.58+ −0.03 −18.5 −28.3
I =0.17
pH5.5 0.60+ −0.04 −18.4 −28.3 0.84+ −0.05 −17.5 −27.4
pH7.4 0.40+ −0.02 −19.4 −29.3 0.76+ −0.08 −17.8 −27.7
CR8 (DxDxD)
I =0.02
pH5.5 0.17+ −0.01 −21.5 −31.4 0.21+ −0.01 −21.0 −30.9
pH7.4 0.18+ −0.01 −21.4 −31.2 0.37+ −0.02 −19.6 −29.5
I =0.17
pH5.5 0.57+ −0.02 −18.5 −28.4 0.78+ −0.01 −17.7 −27.6
pH7.4 0.35+ −0.02 −19.7 −29.6 0.56+ −0.02 −18.5 −28.4
D1085A (DxxxD)
I =0.02
pH5.5 3.7+ −0.13 −13.9 −23.8 2.8+ −0.11 −14.6 −24.5
pH7.4 3.9+ −0.27 −13.7 −23.6 5.0+ −0.5 −13.1 −23.0
Table 3 Afﬁnity of other amino acid methyl esters for the four cluster II CR domains
n.d., not determined.
Histidine methyl ester Aspartate methyl ester Alanine methyl ester
Kd (mM)  G ◦ (kJ/mol) Kd (mM)  G ◦ (kJ/mol) Kd (mM)  G ◦ (kJ/mol)
CR3
pH5.5 1.2+ −0.07 −16.7 83+ −17 −6.2 n.d.
pH7.4 n.d. 66+ −11 −6.7 n.d.
CR5
pH5.5 0.33+ −0.01 −19.9 59+ −2 −7.0 4.1+ −0.24 −13.6
pH7.4 n.d. 63+ −5 −6.8 n.d.
CR8
pH5.5 0.29+ −0.01 −20.2 78+ −3 −6.3 4.9+ −0.25 −13.2
pH7.4 n.d. 119+ −17 −5.3 n.d.
D1085A
pH5.5 4.6+ −0.05 −13.3 235+ −15 −3.6 n.d.
pH7.4 n.d. 263+ −19 −3.3 n.d.
65–450-fold weaker than for lysine methyl ester (  G◦ of 10.3–
15.2 kJ/mol) (Table 3). Here, it is likely that the side chain orients
such that it points away from the acidic cluster surrounding the
Ca
2+-binding site and so does not contribute at all to binding,
leaving only the α-amino group to interact. That this extremely
weak binding was nevertheless probably speciﬁc was shown by
repeating the titrations in the presence of EDTA, to remove the
Ca
2+ from the CR domain and make it incapable of ligand
binding.Undersuchconditions,noperturbationoftheCRdomain
tryptophan ﬂuorescence was observed with aspartate (results not
shown).
Finally, we also examined how blocking the α-carboxy group
inﬂuenced afﬁnity. For CR3, CR5 and CR8, we compared the
afﬁnity of lysine methyl and ethyl esters and found negligible
difference in binding afﬁnity, irrespective of the ionic strength or
pH used (results not shown). In contrast, unmodiﬁed lysine, with
a free carboxy group, bound to CR8 with a 6-fold weaker Kd
value than did lysine methyl ester (Kd of 1.05 mM compared with
0.17 mM at pH 5.5 and I =0.02). This might be due either to a
zwitterionic interaction between α-amino and carboxy groups
precluding other interactions with the CR domain, or else the
favourable interaction of the α-amino with the CR domain being
offset by a negative interaction from the α-carboxy group and
aspartate residues on the CR domain.
How many charge–charge interactions are involved?
Given the higher afﬁnity of ligands containing both a positively
charged side chain and a positively charged α-amino group, we
expected that both groups are involved in favourable charge–
charge interactions with groups on the CR domain. To quantify
this, we determined the ionic-strength-dependence of binding
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Figure 4 Debye–H¨ uckel plot for binding of lysine methyl ester to CR8 at
pH 5.5 and 7.4
Fits to the data at pH5.5 () and 7.4 () gave slopes of 2.20 and 1.53 respectively.
of lysine methyl ester to CR8, at both pH 5.5 and 7.4. This
gave a linear Debye–H¨ uckel plot at both pH values, with slopes
(−zA×zB)of2.2atpH 5.5andof1.5atpH 7.4,roughlyconsistent
with interaction between two exposed pairs of singly positively
and negatively charged species (Figure 4). The extrapolated
afﬁnities at I =0w e r e9 1μM at pH 5.5 and 130 μMa tp H7 . 4 ,
when corrected for the concentration of protonated ligand.
Is binding enthalpically driven?
To better understand the separate contributions of  H and  S to
binding, we examined the temperature-dependence of binding of
lysine methyl ester to CR8 at pH 7.4 and physiological ionic
strength. A van ’t Hoff plot over the temperature range of
279–310 K was linear, with a positive slope corresponding to
an exothermic binding reaction with  H ◦ of −10.7 kJ/mol
(Figure 5). Using the interpolated Kd value of 0.38 mM at 298 K,
this gives  G◦ of −19.5 kJ/mol and  S ◦ of 29 J·K
−1 ·mol
−1.
Thus both enthalpy and entropy contribute about equally to
binding,despitetheunfavourableentropycontributionofbringing
ligand and receptor together to form one species. It should be
noted that the  G under physiological conditions of 310 K and
I =0.17 is −19.1 kJ/mol.
DISCUSSION
Using a model system of individual CR domains in solution and
very simple deﬁned ligands we have explored the speciﬁcity,
thermodynamics and pH-dependence of ligand binding to
representative domains from one of the two principal ligand
binding regions of LRP. In so doing, we have discovered some
common features that should allow general conclusions to be
made with regard to the requirements for binding of protein
ligands not only to LRP, but also to other LDL family receptors,
or even other unrelated proteins that contain CR domains, such as
members of the transmembrane serine proteinase family [21,22].
Dominant importance of two proximal positive charges
We found that each of the three CR domains that contain
a central aspartate residue in the intra-cysteine pentapeptide
Figure 5 van ’t Hoff plot for binding of lysine methyl ester to CR8 at pH 7.4
and I =0.17
sequenceDxXxDbindsasinglelysinesidechainwithverysimilar
afﬁnity,correspondingto G◦ ofapproximately −15kJ/mol.An
additional aspartate residue at position 4, had minimal beneﬁcial
effect, whereas loss of the central aspartate (D1085A) reduced
afﬁnity compared with its parent CR8 by ∼4-fold, corresponding
to a reduction in  G◦ of approximately 3 kJ/mol.
Although a single positive charge thus made a major
contribution to binding energy, we found that a second,
immediately adjacent, positive charge, here exempliﬁed by an
α-amino group, added signiﬁcantly to overall afﬁnity for each
of the four CR domains, so that such pairs of positive charges
are likely to be highly preferred binding loci on protein ligands
compared with single lysine residues. The contribution of two
pairs of charge–charge interactions to binding is supported by the
ionic-strength-dependencemeasurementsofCR8tolysinemethyl
ester, which gave a Debye–H¨ uckel plot at pH 5.5 with a slope of
2.2.
Comparison of the afﬁnities of lysine methyl ester and N
α-
acetyl-lysine methyl ester at pH 5.5 shows that the second amino
group contributes between 3.1 and 7.1 kJ/mol, depending on
the domain. Interestingly, the largest and smallest contributions
are for CR8 and its D1085A variant respectively, suggesting
that the central aspartate residue contributes not only ∼3 kJ/mol
to binding the ε-amino group (see above) but an additional ∼4
kJ/mol to the second positive charge. This is also consistent
with the ∼3-fold weaker Kd of the D1085A variant than of
CR8 for aspartate methyl ester, where only the ‘second’ positive
charge is present. Furthermore, since the Kd value of D1085A
for lysine methyl ester is ∼3-fold higher than for N
α-acetyl-
lysine methyl ester, this suggests that interaction of the second
positive charge with acidic residues other than the central
aspartate contribute ∼3–4 kJ/mol. These conclusions highlight
a fundamental difference between those CR domains that contain
the central aspartate, abundant in ligand-binding clusters II and
IV of LRP, and those that do not. Other things being equal,
a CR domain possessing the central aspartate should engage a
proximal pair of positive charges with ∼7 kJ/mol more binding
energy than one lacking the aspartate residue. These ﬁndings
provide quantiﬁcation of the earlier more qualitative observations
of Andersen et al. [12].
An additional important ﬁnding is that, for those CR domains
that do contain a central aspartate residue, the variation in afﬁnity,
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at least at physiological ionic strength and pH, between different
domains is quite small when engaging two positive charges, and
represents a modulation of the overall  G◦ of less than 5%
(Table 2). This is despite the large variation in sequence of these
domains outside of the Ca
2+-binding residues and residues of the
inter-cysteine pentapeptide.
Arginine and histidine also interact well
Our results also show that both arginine and protonated histidine
sidechainscanengageallCRdomains,withafﬁnitiesonlyslightly
lower than those of lysine to the same domain. This suggests that
appropriately accessible arginine and histidine side chains, which
contain both positive charges and large hydrophobic moieties,
could also serve as effective recognition elements, either in
combinationwithasecondlysineresidueorevenanotherarginine
or histidine residue as the second proximal positive charge. This
is supported by some studies of protein–receptor interactions. In
addition to the interaction of Arg
285 with Asp
110 in the RAPLB3–
LB4 structure mentioned above, the X-ray structure of the
ectodomain of LDLR, in which the β-propellor, YWTD, domain
binds intramolecularly to two of the seven CR domains, shows
engagementnotonlyofLys
560 oftheYWTDdomainbyAsp
147 and
Asp
149 of CR domain 4, but also of His
586 of the YWTD by Asp
149
and Asp
151 [23]. In this case, the proximal positively charged
Lys
560–His
586 pair seems to be the one responsible for binding to
CR domain 4, with the expectation that this will be much weaker
at higher pH when the histidine residue deprotonates. A previous
study examined the effects of mutations of both selected arginine
andlysineresiduesofPAI-1ontheabilityofitscomplexwithuPA
(urokinase-type plasminogen activator) to bind to three different
LDLR family receptors, VLDLR (very-low-density lipoprotein
receptor), LRP and sorLA [4]. Mutation of either Arg
78 or Arg
120
separately reduced binding to all three receptors, with afﬁnity
reduced by over 90% to both VLDLR and LRP. Mutation of
other arginine residues also reduced binding, though by lesser
amounts. In contrast, however, with these clear demonstrations of
the importance of arginine or histidine residues, a recent study on
the binding of RAP D3 domain by LRP found that arginine could
not substitute well in binding experiments for the three lysine
residues [24] found to interact with CR domains 3 and 4 of LDLR
[9,25], though strangely the substitution did not adversely affect
uptake of intact RAP.
pH-dependence of binding
Although there is much evidence for a strong pH-dependence of
ligand association with members of the LDLR family, we found
mostly small differences in afﬁnity for a given ligand–CR pair
between pH 5.5 and 7.4 at physiological ionic strength. Binding
is favoured at pH 7.4, but the effects are relatively modest, with
differences in  G◦ ranging from 0.3 (arginine methyl ester to
CR5) to 2.9 kJ/mol (lysine methyl ester to CR3). Consequently,
protein ligands that use pairs of lysine or arginine residues to
bind to LDLR family receptors should be able to bind with only
a small variation in afﬁnity between extracellular and endosomal
pHs. This is indeed what we found with several protein ligands
binding to two- and three-domain fragments of LRP’s cluster II
[18,19].
Thermodynamics of binding
Although charge–charge interactions have been shown above to
be major contributors to binding, the large positive  S for lysine
methylesterbindingtoCR8suggeststhatdisplacementofordered
water molecules, either from the hydrophobic portions of the
lysine side chain of the ligand or the tryptophan residue of CR8,
or from the polar side chains that interact in the complex, also
contribute. Such major contributions of  S to binding have been
seen in the somewhat analogous binding studies on lysine and
relatedspeciestokringledomainsfromplasminogen.Thereitwas
found that  S made a major favourable contribution to binding,
for binding to both kringles 1 and 4, with the largest contribution
arising from the ligand with the longest hydrophobic moiety (7-
aminoheptanoic acid) [26,27].
Consequences for ligand binding to LRP and other LDLR family
members
The above ﬁndings have major implications for protein ligand
binding to LRP and other LDLR family members. For the
subsequent discussion of CR domain binding contributions
unitary free energies,  G
u, rather than  G◦ are used, since
they eliminate the unfavourable entropic component of simply
bringing two binding partners together to form one complex [28].
Consider two ligands reported to bind to LRP with high afﬁnity,
PAI-1 with a Kd of ∼30 nM and RAP domain D3 with a Kd of
∼3 nM. These correspond to  G
u values of −52.8 and −58.5
kJ/mol respectively. For single CR domains that contain a central
aspartate residue in the critical pentapeptide region, e.g. CR3,
CR5 or CR8, the  G
u values for binding a CR domain through
engagement of a pair of positive charges range from −27.7 to
−31.2 kJ/mol at pH 7.4 and I =0.17. This is already close
to half of the required binding energy for the real protein ligands.
It should also be noted that the ﬁxed distance relationship of
the positive charge on the side chain and the α-amino group in
our model studies may result in underestimation of the binding
interaction,comparedwithtwosidechainsinarealproteinligand,
which might have greater freedom of movement and thus of
more optimal positioning. Consequently, a pair of linked CR
domains, each of which contains central aspartate residues in
the pentapeptide region, could readily generate binding energy
of up to −62 kJ/mol and thus potentially form a high afﬁnity
binding site for PAI-1 or RAP such as is found experimentally.
In addition, since the requirement for a DxDxD motif for high
afﬁnity binding is met by many adjacent CR domains within the
principal ligand-binding clusters of receptors such as LRP and
VLDLR, there may be a number of overlapping high afﬁnity
ligand-binding sites within the cluster, thus giving even tighter
binding by this statistical factor within the intact receptor.
Signiﬁcantly, this multiplicity of sites is exactly what we found
previously when examining the binding of PAI-1, PAI-1–uPA
complexes, PN-1 (proteinase nexin-1) and RAP domains, D1,
D2 and D3 to pairs and triplets of CR domains [17,19]. For all
ligands studied, there were multiple pairs of CR domains, all
taken from cluster II of LRP, that could generate a binding site
withafﬁnityveryclosetothatreportedfortheligandtointactLRP.
Furthermore, addition of a third CR domain only very modestly
enhanced, at best, the overall afﬁnity.
Can there be speciﬁc ligand binding to LDLR members?
The above discussion might be taken to imply that there is
little speciﬁcity of ligand binding to LDLR members, in that
optimal engagement by two proximal positive charges by any
two CR domains that contain DxDxD or DxDDD motifs could be
expectedtogenerateabindingafﬁnityinthelownanomolarrange.
However, there are several ways in which speciﬁcity could result.
One is that there may be other residues on the ligand close to the
pairs of positive charges that result in a repulsive interaction with
surfaceresiduesofmany,thoughnotnecessarilyall,CR domains.
Such repulsion could modify the ability of the positively charged
pair to properly engage the CR domain, or simply reduce the
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overall afﬁnity for interaction at that site. In a receptor where
there are multiple potential ligand-binding sites, this could result
inpreferentialbindingonlytositeswheresuchrepulsionisabsent.
Inareceptorwithonlyasinglepotentialbindingsite,thepresence
of repulsion for certain ligands might preclude them binding with
high afﬁnity at all and thus give selectivity for only those ligands
where repulsion is absent.
An example of this may be the interaction of RAP with
the LDLR. Whereas RAP binds with low nanomdar afﬁnity
to many members of the LDLR family [29], it binds much
less tightly to LDLR itself [30]. Consistent with this lower
afﬁnity for the intact receptor, the Kd value for the interaction
of the two domain fragment of LDLR, LB3–LB4, with
domain D3 of RAP is ∼1 μMa tI =0.15 [31]. The low
binding afﬁnity seems surprising given that LB3 and LB4
are the two LDLR domains that each contains the DxDxD
motif and the D3 domain of RAP contains two critical lysine
residues (Lys
256 and Lys
270) that have been implicated in binding
to LRP [32], each of which occurs as a part of a proximal pair
of lysine residues (Lys
256 with Lys
253 and Lys
270 with Lys
289).
However, the X-ray structure of RAP domain D3 bound to
LB3–LB4 from LDLR shows that, whereas LB4 engages both
Lys
253 and Lys
256, LB3 engages only a single lysine, Lys
270 [9].
On the basis of the above results of the effect of the second
positive charge on binding (5–18-fold increase in binding afﬁnity,
depending on domain and ionic strength) the absence of an
interaction with the second nearby lysine (Lys
289)i nt h eD 3 –
LB3–LB4 complex might be expected to reduce the afﬁnity
of LB3–LB4 signiﬁcantly. Whereas Arg
285 is close by (3.06 Å
from Asp
110) it may not be close enough to act as the second
positive charge. The reason that Lys
289 of RAP does not appear
to engage LB3 is not clear, but may be due to the presence of an
arginine as the fourth residue of the DxDxD motif of LB3, which
is juxtaposed to two arginine residues on the RAP domain (Arg
282
and Arg
285). This may give rise to an unfavourable interaction.
Perhaps signiﬁcantly, none of the CR domains from the principal
ligand-binding regions of LRP or VLDLR that contains a DxDxD
repeat has either an arginine or lysine residue in this location,
whereas each of these regions can bind RAP tightly.
A second way in which speciﬁcity might result is where the
ligand engages only one CR domain by the mechanism of two
proximal positive charges and derives the remaining binding
energy from a different speciﬁc interaction with another CR
domain. An example of this may be the binding of α2M, whose
receptor-bindingdomainbindstoLRPwith G
u ofapproximately
−49 kJ/mol.Ofthis, −31.6kJ/molhasbeenshowntoresultfrom
interaction with a single CR domain [18,33], almost certainly the
resultofbindingtotheonlytwoadjacentlysineresiduesthathave
beenshowntobecriticalforbinding[3,34].Thisleavesonly∼17
kJ/mol of binding energy to be accounted for. This is unlikely to
come from another pair of lysine residues engaging a second CR
domain since (i) it is only half of the expected energy of such an
interaction, and (ii) there are no other pairs of lysine residues on
the receptor-binding domain that have been shown to be critical
for binding. An alternative explanation is that the remaining
17 kJ/mol come from a different speciﬁc interaction that might
then be highly selective for individual CR domains. This could
then explain both why some, but not all, LDLR family members
bind α2M and why there appears to be preferential binding of
α2M to the N-terminal portion of cluster II of LRP [18,35,36].
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